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Introduction
It has been suggested that the variability of severe weather phenomena could be the most sensitive manifestation of climate change. For example, an analysis of 29 years of hail data from central Alberta, Canada, indicates that the frequency of hail events has changed dramatically over the past several decades (Smith et al., 1998) . Likewise, the climatology of lightning flashes for Alberta reveals that there has been a significant increase in the number of cloud-to-ground lightning strikes during the last decade (Kozak, 1998) . It may be argued that such trends are the inevitable result of increasing (and in some cases decreasing) density of observational capabilities, be it hardware or human as is the case for the visual reporting of tornado and hail events (Joe et al., 1995) . In contrast, climatology by radar, when properly calibrated and when allowance is made for any missing periods, would have the advantage of being more consistent over the region of interest and during the entire period of observation. Note that, because of its continuous space coverage, radar is the only instrument that will not miss any severe weather event within its domain of observation. Radar-derived statistics are thus not dependent on population density (Etkin and Leduc, 1994; King, 1997) , and could thus be useful in monitoring trends in severe weather occurrences that may be linked to climatic change.
A number of climatological studies and data collection programs have been conducted, mostly in the U. S. (Changnon, 2001 ), but also in Canada (Newark, 1984) , but they involved observations of severe weather events by instruments other than radar. Since the advent of digital radar about 25 years ago, in spite of the immense quantity of data, most analyses were limited to a few case studies from a small sample of selected events or to relatively short periods of continuous data. The early international Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE) experiment (Hudlow and Patterson, 1979) , is perhaps a notable exception. Recently, radar-based climatological studies have also begun to appear and an entire session was reserved for this subject during the 30th International Conference on Radar Meteorology held in July 2001 (AMS, 2001) .
As a component of the Global Energy and Water Cycle Experiment (GEWEX), Lackmann and Gyakum (1996) successfully identified the large-scale precursors to significant precipitation events in the Mackenzie River Basin. Fischer (1997) conducted a similar study for the Montréal region. In order to investigate the precursors of other dangerous events associated with convection, we must first have a systematic procedure for identifying them. We believe that radar archives can now provide this objective source of information. We have selected two of the several severe weather detection algorithms that are in operational use at the Marshall Radar Observatory (MRO) of McGill University, 30 km west of Montréal: a) the mesocyclone detection algorithm that identifies storms with a closed circulation over a sufficient depth and time; and b) an Upper level Vertically Integrated Liquid water content (VIL), or UVIL map, designed to highlight deep convection by integrating only those reflectivities above 5 km. These two analyses allow us to present the temporal and geographical distribution of the most severe weather events in Montréal and vicinity as perceived by radar. A subsequent investigation that will follow our identification and statistical description of severe weather events will identify the planetary-scale precursors of these events. In Section 2 we outline the data archive system of the McGill radar. In Section 3, we discuss in greater detail the two algorithms selected. In the first part of Section 4, the characteristics and the geographical distribution of all detected mesocyclones are presented. The second part deals with the climatology of severe convection as deduced from UVIL maps. An earlier analysis resulted in a very evident increase in the UVIL parameter with range. The search for its cause and for its elimination is discussed extensively in the Appendix. It is recommended the latter be read before reading the results of Section 4b.
Data a Radar Characteristics
Our investigation of severe weather events will use simultaneous reflectivity and Doppler data from the nine summers of 1993 to 2001 inclusive as archived by the MRO radar. During the course of its history, the scanning strategy of the S-band (10 cm) MRO radar has undergone some modifications but has kept its fundamental objective of 24 elevation angles during its 5-minute cycle. In March 1993, a Doppler capability was implemented without compromising the existing data: radial velocity measurements were collected at all 24 elevation angles simultaneously with the reflectivity information. Thus, a full three-dimensional reflectivity (up to 250 km) and Doppler volume scan (up to 125 km with a Nyquist interval of ±31.2 m s -1 ) has been achieved.
The separation of the 24 elevation angles follows a geometrical progression, from 0.5 degrees above the horizon for elevation #1 to 34.4 degrees for the last elevation. Prior to August 1994, the 24 scans were performed in the normal order of increasing elevation angle. Since then, the entire volume scan has actually been separated into two volume scans of 12 elevation angles performed in 2.5 minutes, with the odd elevation angles followed by the even angles. Since 1993, the azimuth resolution has been fixed at 1 degree, slightly larger than the radar beam width of 0.86°. The 8-bit intensity resolution of the Doppler data was 0.5 m s -1 , while for reflectivity, it was 1.28 dBZ for data prior to August 1998 and 0.40 dBZ thereafter. The range resolution is 1 km up to 120 km, 2 km between 120 and 240 km and 4 km beyond 240 km. Reflectivity measurements in all ranges are automatically corrected for oxygen attenuation at a rate of 0.015 db km -1 , (Battan, 1973) . While this factor is adequate for correcting reflectivities at low altitudes, that is, close to standard temperature and pressure, it is inappropriate for upper level observations as discussed in the Appendix.
b Data Acquisition and Gaps An initial pass through our 9-year raw dataset simply to generate and visualize basic radar maps for the selection of the convective periods would have taken a prohibitive amount of time. Fortunately, in June 1994, we initiated, at MRO, a separate on-line archival of only the low level Cartesian Constant Altitude Plan Position Indicator (CAPPI) maps every 30 minutes that can be easily animated, thus greatly facilitating the selection of the convective periods of the entire dataset. Data from 1993 have been selected from known severe weather days that were the basis of a study of microbursts carried out for Transport Canada Aviation. They are not intended to characterize the level of activity for the entire season and should thus not be used on a comparative basis.
Inevitable data gaps occurred during the remaining 8-year period caused by power failures, radar hardware problems, radar maintenance and upgrades (and by tape errors prior August 1998 when data were permanently archived immediately after each 5-minute radar cycle rather than on temporary memory storage). In addition, the radar was inoperative for nine days when some form of convection was confirmed or suspected as having occured during the preferred period of 11:00 to 21:00 local time. In the case of data interruption during existing convective activity, a total of 33 hours were lost. This amount has been estimated on the basis of the storm speed and location from the 240-km boundary at the onset of the data gap as well as from the expected diurnal trend. In order to relate this data loss to the entire sample processed, we have counted the radar cycles when convection was observed. For this purpose, we have defined convection as the occurrence of a UVIL measurement (see Section 3b) that exceeds 5 kg m -2 on a 2-km resolution Cartesian map that extends up to a range of 240 km. Assigning five minutes, the radar cycle time, to such an occurrence yields a total of over 1400 'convective hours' during the 8-year period [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] . Depending on the number of 'convective hours' that could be arbitrarily attributed to the nine 'lost days', the total losses can be evaluated to be of the order of 5%. This is less than the variability observed among the various years as seen for example in Figs 2, 9 and 10. Thus, in Section 4, the statistical results will be presented without attempting any yearly adjustment for these estimated losses.
c Data Processing
Since 1995, we have been constantly upgrading our current Radar data Analysis, Processing and Interactive Display (RAPID) system (Kilambi et al., 1997; Bellon and Kilambi, 1999) . RAPID can also operate in post facto analysis mode using historical datasets as input. It ingests reflectivity and Doppler data in spherical coordinates and performs some necessary 'cleaning' prior to the generation of a user-selectable number of Cartesian radar maps. Since our scanning strategy involves data collection at a Pulse Repitition Frequency (PRF) of 600 Hz (even angles #4 to #10) and 1200 Hz, this 'cleaning' performs the necessary range and velocity unfolding of the raw volume scans. In addition, since the actual time of data collection is different from elevation to elevation during the execution of the 5-minute radar cycle, the data at the various elevation angles are shifted by an appropriate amount (in polar coordinates prior to any map generation) in an attempt to simulate a quasi-instantaneous measurement over the entire volume scan. The magnitude of the spatial adjustment is minimized by selecting the 13 th elevation scan as a reference (corresponding to the first elevation of the second set of 12 tilt angles of our dual-cycle scanning strategy). This choice reduces the time lag to, at most, 2.5 minutes. The average velocity of the entire precipitation pattern obtained with a cross-correlation algorithm is used to compute the required shift. It is conceded that this velocity may be different from that of the high reflectivity cells. However, given the limited time lag involved, only a large velocity difference could result in an improper shift that exceeds the grid resolution of 2 km of our maps. The underestimation of VIL values from fastmoving storms as pointed out by Amburn and Wolf (1997) should thus be reduced.
Other pre-processing involves the elimination of regular ground echoes and anomalous propagation. The latter procedure is essential for estimating surface rainfall but is less crucial in our work that focuses on the statistics of severe convection obtained with radar maps generated from higher altitudes.
3 Mesocyclonic algorithm and UVIL map a Mesocyclone Alogorithms 1 MESOCYCLONE DETECTION ALGORITHM The mesocyclone detection algorithm developed for the McGill Doppler Radar in 1993 is essentially based on a procedure outlined by Zrnic et al. (1985) . It has not evolved to the degree of sophistication of subsequent improvements outlined by Stumpf et al. (1998) , but greatly benefits from the set of 24 Doppler and reflectivity elevation scans available every five minutes with the MRO radar. Results of our mesocyclone detection algorithm with thresholds applicable to storms of the southern region of Québec are summarized by Vaillancourt et al. (1997) . It is sufficient to recall here that mesocyclone identification involves the following main steps:
1 The detection of the so-called pattern vectors (PVs) that are azimuthal runs of increasing Doppler velocities along a fixed radar range bin. These PVs must exceed either a high momentum threshold of 60 (m s -1 )/km or a high shear threshold of 6 (m s -1 )/km. This combination corresponds to the moderate filtering technique adopted in the Québec study noted above. 2 The sorting of the more significant PVs into two-dimensional shear features according to radial (4 km) and azimuthal (5 degrees) proximity criteria. 3 The association of shear features pertaining to the same elevation scan into potential two-dimensional (2-D) mesocyclone features. These features must exceed a threshold radial diameter of 2 km and have an elongation such that the ratio of the azimuthal and radial diameter is within the acceptable limits of 0.4 and 1.9.
4 The examination of the vertical structure of the latter in order to classify them as "declared three-dimensional (3-D) mesocyclones". Essentially, the 2-D mesocyclonic features must be detected at a sufficient number of elevation angles so as to give a realistic thickness to the mesocyclone. A threshold of 2 km has been selected for our study. 5 The association of a "declared 3-D mesocyclone" with a cell exceeding a selectable minimum reflectivity. For our purposes, we require a reflectivity greater than 40 dBZ on at least 5% of the pixels within a 6 km by 6 km square centred over the mesocyclone at the two elevation angles that are just above an altitude of 3 km. 6 Finally, a greater confidence in mesocyclone detection is achieved if a "declared 3-D mesocyclone" is seen to persist for two or more radar cycles (≥10 min.). A mesocyclone tracking algorithm has thus been formulated in order to quantify this temporal continuity. (See Section 3a2).
When a mesocyclone is detected, its actual location is indicated by a square on any horizontal cross-section map as shown in Fig. 1a . The size of this square is proportional to the mean radius of the declared mesocyclone. In Figs 1b and 1c, we demonstrate how mesocyclonic features may be highlighted better by smoothing, and especially, by removing the storm propagation velocity from the measured radial component. This 'Lagrangian' correction does not affect the appearance of mesocyclones that move in a direction perpendicular to the radar viewing angle (for example, the mesocyclone in the north-north-west), but brings into sharper focus the internal rotation of those moving either directly towards or away from the radar. This occurs because a significant radial component of the precipitation pattern propagation velocity, which in this example is in excess of 100 km h -1 from 250 degrees, is added to the solid body rotation of the mesocyclones resulting in radial velocities that actually exceeded the Nyquist interval. After a successful velocity unfolding, the approaching velocities of the vortex in the west reach magnitudes of the order of 45 to 54 m s -1 that are not evident with the usual Doppler scale which is limited by the Nyquist interval at both ends. It is only when the radial component of the overall motion is subtracted that the mesocyclonic couplet of approaching and receding velocities is clearly revealed as shown in the zoomed image of Fig. 1c . The text in red under the intensity scale provides information on the number of elevation angles over which each mesocylone was detected, and on its strength in terms of the peak rotational velocity and average maximum shear. The latter two parameters are initially computed at the level of a pattern vector as follows:
where V 2 is the maximum approaching velocity (positive), V 1 is the maximum receding velocity (negative) and L is their separation or the length of the pattern vector. We have defined the average maximum shear as the average of the 2-D maxima found at each elevation angle while the peak V rot is taken to be the maximum among all the PVs making up the mesocyclone. For example, for the mesocyclone in the northnorth-west, peak(V rot ) = 20 m s -1 while the average of the maximum shear found over the 10 elevation angles for which a mesocyclonic couplet was identified is computed to be 11 (m s -1 )/km.
Mesocyclone Tracking Algorithm
Positional information and other characteristics of the declared mesocylones of a given radar cycle are stored in the header of the low-level CAPPI map of Fig. 1a . Using just such information during any time interval, a simple tracking algorithm attempts to follow each declared mesocyclone and displays the resulting trajectory on any suitable map as illustrated in Fig. 1d . This algorithm first requires the velocity of the precipitation pattern which is computed by a cross-correlation technique on nine sub-areas of the low-level CAPPI map, each being 80 km by 80 km. From the known position of a mesocyclone during the current radar cycle, the computed velocity is used to forecast its position during the next cycle. A user-defined 'search radius', 5 km in our case, outlines a circular neighbourhood around this expected position where the presence of a mesocyclone would be considered to be the continuation of the one being tracked. A mesocyclone is considered tracked if it persists for at least two cycles, that is, 10 minutes. A mesocyclone track or lifetime is maintained even if the mesocyclone is subsequently undetected up to a pre-selected time interval but then it reappears in the expected position during the following cycle. In our analysis, we have allowed up to 10 minutes, or two radar cycles, during which an existing mesocyclone can go undetected or become untrackable. When a mesocyclone lasts for three or more cycles, its actual past positions, rather than the velocity of the surrounding precipitation, are used to predict its future location. As each '5-minute mesocyclone detection' or m5 is associated with a particular 'tracked mesocyclone' (tm), it is 'tagged' to prevent it from being considered as a possible member of a subsequent tm. The tracking algorithm terminates when each of the m5s has been either associated with a tm or ignored because of the 10-minute restriction on a tm lifetime. For each tm, the algorithm outputs its total duration, path length and the average over its lifetime, as well as the '5-minute values', of the following parameters: diameter, depth (vertical thickness), maximum shear and peak rotational velocity. Note that in the presentation of the results in Section 4a we will concentrate mainly on the m5 characteristics since those averaged over the mesocyclone lifetime are biased by the great variability of the latter.
b Vertically Integrated Liquid Water Content
This product involves the summation of the radar reflectivities from all the elevation scans above a sufficiently low altitude and the derivation of a liquid equivalent as described by Greene and Clark (1972) . Since the liquid water content M is proportional to the (4/7) power of the radar reflectivity factor Z, the VIL value is heavily dependent on the stronger reflectivities, (>40 dBZ). As thunderstorms intensify, their updrafts and consequently their ability to sustain airborne liquid water and other hydrometeors over a deep layer of the atmosphere drastically increases when compared with stratiform situations or with weak convective storms. Consequently, the VIL product best measures the overall 3-D strength of a storm by 'weighting' all the reflectivities above a given point. For a long time, the VIL map was considered an excellent indicator of severe convective weather as shown by Winston and Ruthi (1986) . Normalization with the storm echo top yields a parameter known as the VIL density which appears to be related to hail size for a specific region of the U.S. according to Amburn and Wolf (1997) . However, a subsequent nationwide analysis by Edwards and Thompson (1998) disputes this finding. They conclude that although there is a decreased likelihood of large hail sizes with low VIL values, there is no direct link between high VIL values and hail size.
In our integration process performed in polar coordinates, (1 or 2 km in range by 1degree in azimuth), the reflectivity of each of the 24 elevation angles is multiplied by the vertical thickness associated with each elevation angle. This vertical thickness is unrelated to the actual vertical antenna beam resolution, but depends on the spacing between the 24 elevation angles and, of course, on the range from the radar. No upper limit is imposed on the magnitude of the reflectivity. The absence of this limit, normally set at ~55 dBZ, may be considered equivalent to integrating values of hail kinetic energy as preferred by Witt et al. (1998) in deriving an improved hail detection algorithm. The units of the VIL product are expressed in terms of kg m -2 . The polar values are remapped onto a Cartesian map, a 240 × 240 array with a grid resolution of 1 or 2 km. Averaging is performed when more than one polar value falls inside a Cartesian grid as is typically the case within a range of 120 km. Grid areas that remain empty are interpolated from the neighbouring values. Data within a 12-km range are masked out because the last elevation, at 34.4°, reaches a height of 7 km at that range. In fact an unbiased VIL measurement can be obtained only at ranges beyond 20 km. Our technique remains essentially a polar-grid-based approach, rather than a cell-based approach as adopted by Witt et al. (1998) .
Normally, the reflectivity at the lowest height is extrapolated downward to the surface, (Amburn and Wolf, 1997) . However, the lowest height of integration should be sufficiently high to avoid contamination by ground echoes. For the MRO radar with the Laurentians Hills ~60 km to the north, the Adirondacks 60 to 90 km to the south and the Green Mountains ~130 km to the south-east, this parameter must be relatively high, at least 2.5 km. However, spurious values due to the highest mountain peaks are still present. Thus, no surface extrapolation is performed with the MRO radar. A complete elimination of spurious values from ground echoes (as well as from anomalous propagation) can only be achieved in our region by generating an 'elevated', or 'Upper level' VIL, (denoted UVIL), with a lowest height threshold, H UVIL , of 5.0 km. The result of this choice is similar to the temperatureweighted vertical integration advocated by Witt et al. (1998) where only the reflectivities associated with a temperature colder than -20°C are given full weight. This special product also has the advantage of avoiding bright band contamination and shadowing effects. Furthermore, the shorter vertical integration distance necessarily minimizes the underestimation caused by tilted cores. UVIL maps are thus ideally suited for indicating deep convection within our total radar coverage and are extensively used in our analyses. We will select thresholds of 10 or 15 kg m -2 to indicate severe convection.
Results a Mesocyclone Statistics
When applied over our entire 9-year sample, the first five steps of the mesocyclone detection algorithm described in Section 3a1 yield a grand total of 1790 detections. Some of these are spurious such as a shear line being temporarily unrecognized as such by step #3, or when a particular combination of a strong small ground echo and the surrounding precipitation generates a false detection as is occasionally seen 25 km east of the radar. Some others are true mesocyclones but short-lived, being captured by only one radar cycle. Both the spurious and the short-lived mesocyclones are eliminated by the tracking algorithm because the former are usually stationary and also fail to be present at the expected downwind location. Our persistence requirement of at least two radar cycles implemented in the final step (#6) of our algorithm maintained 1366 (~76%) of the m5 detections distributed among 329 trackable mesocyclones (or tms for short). The 1366 m5 detections were captured by 1027 radar cycles, that is, over a time period of 85 hours. Multiple trackable mesocyclones were observed during 251 cycles (24.4%), with 46 and 21 cycles having three and four simultaneous tracks respectively. Simultaneous mesocyclones may be associated with totally independent storms as in the example provided in Fig. 1 or can be in close proximity to each other as in squall line situations.
The yearly frequency of the trackable mesocylones is portrayed in Fig. 2a where it can be seen that the years 1998 (with 47), 1996 (with 51), and particularly 1994 (with as many as 71), rank as the top three years. The years 2000 and 2001, with only 14 and 21 tms respectively, rank the lowest. Of course, we cannot ascertain what percentage of these tracked vortices actually did give rise to a confirmed tornado touchdown along their trajectory or to any other kind of documented damage at the ground. In fact, only about four to six weak (F0 or F1) tornadoes per year are confirmed in southern Québec (Vaillancourt, 1999) , although some may escape visual observation due to the low population density in the many forested areas under our radar coverage. Those of category F2 or stronger have a return period of five years (Newark, 1984) .
In Fig. 2b , the number of m5 detections comprising the tracked mesocyclones of each year is simply multiplied by 5 minutes in order to derive the distribution of 'meso hours'. Note that in this simple exercise, two co-existing mesocyclones each lasting 30 minutes would account for 1 'meso hour'. The result augments the exceptional nature of the year 1994 since the average number of m5 detections (nearly 5) for the 71 tms is also higher than for all the other years. The year 1998 also had relatively long-lived mesocyclones, equivalent to 4.7 m5s which places it above 1996, the latter being closer to the average of four detections per mesocyclone. The average of 13.3 'meso hours' per year is obtained by omitting the 1993 data, which, as stated in Section 2b, are not complete.
The distribution of the lifetime of the tracked mesocyclones is provided in Fig. 3a while the distance travelled, or path length, is given in Fig. 3b . Here, the 'lifetime' is computed from the time difference between the initial and final detection and thus includes any intervening gaps. Five minutes are then added to this difference in order that a mesocyclone observed over say two radar cycles yields a lifetime of 10 minutes. The length of the trajectory is simply determined from the initial and final position, not by summing the 5-minute segments. Unlike the typical Oklahoma storms lasting for about an hour, according to Zrnic et al. (1985) , only 23, or 7%, were this persistent in the Montréal region. However, note that both the duration and the path length are affected by boundary conditions, that is, by the inability of the algorithm to detect such relatively small-scale vortices with equal efficiency at the farther ranges. (Refer to Fig. 7 for a preview.) We have not separated the statistics in terms of mesocyclones whose lifetimes are entirely within the detectable range and those that appear to emerge or vanish across this undefined boundary. Since the latter are the stronger storms, it is likely that their path and duration are at 
the upper end of the distribution. The typical magnitude for these two parameters for such storms is thus somewhat larger than indicated by the histograms. On the other hand, the weaker circulations that may have been present at farther ranges were likely missed by the algorithm and thus are not part of these statistics. Since we have chosen, for better clarity of display, to limit the upper scale of these histograms to 100 minutes and to 100 km, there are five mesocyclones which are 'off limits'. These are identified in Table 1 which also includes the one mesocyclone with a lifetime of exactly 100 minutes in order to underline the exceptional day that was 4 August 1994, (as also was 29-30 June 1998 according to Table 2 ). In order to identify as well as quantify the other prominent days or events in our sample with substantial mesocyclonic activity, we have summed all the m5 detections for a given day, or for a sequence if it extends past midnight. The result may be referred to as the 'meso index' of the day. Those that attain a 'meso index' of 18 or more, equivalent to at least 1.5 hours of mesocyclonic activity, are listed in Table 2 . Under the column 'Mesos', we provide the total number of tracked mesocyclones and, in brackets, those with at least three m5 detections. Twenty of these days are the object of a separate study that seeks to identify the large-scale precursors to these mesocyclonic events.
We have computed the diameter and vertical extent averaged over the lifetime of each mesocyclone but such statistics are highly biased by the characteristics of those that are shortlived. Therefore, we prefer to present, in Fig. 4 , the distribution of these parameters as obtained from the m5 detections that were associated with the tracked mesocyclones. These distributions are bounded by the imposed threshold of 2 km in both the diameter and vertical extent of the 2-D features comprising a mesocyclone. Surprisingly, a scatter plot of the diameter and depth (not shown) reveals no correlation between them.
The distributions of the peak rotational velocity and of the average of the maximum shear of the m5 detections are likewise presented in Figs 5a and b respectively. (Refer to the end of Section 3a1 for the definition of these parameters.) Again, while Oklahoma mesocyclones exhibit an average rotational velocity in excess of 20 m s -1 , the peak magnitude reached by our storms is generally confined to the 10-15 m s -1 range. Since these two parameters are both defined in terms of (V 2 -V 1 ), (see the end of Section 3a1), their linear correlation coefficient γ is relatively high at 0.47. On the other hand, the peak rotational velocity is only weakly correlated with the diameter, (γ = 0.26), and to an even lesser extent with depth, (γ = 0.19).
In Fig. 6 , we illustrate the hourly and monthly distributions of mesocyclones. In Fig. 6a , we use the times of the m5 detections while in Fig. 6b only the time at the start of the track is considered. In Fig. 6a , the hour shown refers to the beginning (a) (b)
of the 1-h interval; thus the peak of 332 (24%) occurs during the 3:00 to 4:00 PM interval. Over half (55%) are included in the 3-h interval between 2:00 and 5:00 PM while nearly the entire sample (85%) lies within the first seven hours of the afternoon. The fact that such a distribution reflects the diurnal trend of temperature is not surprising. The secondary peak at 01:00-02:00 AM is exclusively due to the 'bow' squall line event of 5 July 1999 which was comprised of short-lived mesocyclones.
In Fig. 6b , each month is subdivided into three 10-day periods, allowing 11 days for the months with 31 days. However, the data shown have not been normalized for this slight inconsistency. There is a preferred period from about mid-June until early August, but severe weather associated with mesocyclones may also occasionally strike in May and September in our region. The local minimum in the first 10 days of July may be accentuated by the unfortunate timing of the data gaps in 1998 and particularly in 1995.
Finally, we display in Fig. 7 the geographical distribution of the mesocylones detected by the McGill Doppler radar during the nine years of our study. Here, each m5 detection that is part of a tracked mesocyclone generates a circular imprint on our map equal in size to the measured radial diameter. A subsequent detection is added if it influences the same pixels. In this figure, the number of times that a particular pixel came under the influence of a mesocyclone is indicated by the grey scale. The range limits of the algorithm are from 5 to 120 km but we notice that the detections beyond about 80 km are drastically reduced. The detectability loss beyond 80 km hints at a need for an algorithm with range dependent filtering in order to capture the weaker circulations at farther ranges while avoiding excessive false detections at nearer ranges. There is a distinctly greater probability of mesocyclones in the western part of the map, with many pixels reporting more than three occurrences near and just north of the St. Lawrence River (Refer to Fig. 8b for geographical and topographical information.) Another region of maximum activity is north-west of the radar, around the Mirabel area. The lack of detections within 5 km corresponds to the start of the search for mesocyclonic features by our algorithm. However, the almost total absence of vortices over the water body and its immediate shoreline in the south-east, within a range of nearly 20 km from the radar, may be coincidental and not necessarily related to the negative influence of the colder water surface on extreme summer convection. In fact, mesocyclones are seen over the wider sections of the St. Lawrence River north-east of Cornwall.
b Reflectivity Analysis, (UVIL Maps)
We now present the results of the severe weather analysis obtained from the 'reflectivity only' data. There are several types of radar maps that focus on the upper level structure of thunderstorms that may be used to identify convection but, as stated in Section 3b, our emphasis will be on the UVIL map which does not suffer from ground echoes, anomalous propa- (a)
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gation, bright band and shadowing effects. Recalling that all maps are 240×240 arrays, only those at a resolution of 2 km that extend up to a range of 240 km are being discussed. When all the UVIL maps generated for the entire 9-year period were initially integrated to provide a geographical distribution of that parameter, a general loss of detectability with range due to beam broadening was expected. On the contrary, the opposite effect was observed, with mean UVIL values nearly doubling between 30 and 240 km. This bias is not noticeable on individual maps but becomes clearly evident after performing any long-term accumulation. In seeking an explanation for this puzzling result, we have identified two aspects of the generation of UVIL maps that had contributed to this range dependence: a) oxygen attenuation overcorrection; and b) bias introduced by the vertical profile of reflectivity of low-topped thunderstorms. A detailed analysis of these two effects and the corrective procedure used for their removal are presented in the Appendix.
If our goal is to identify regions with a greater likelihood of strong convection, the simple integration of the UVIL grid values of all the maps generated would not be appropriate.
Unlike the addition of rainfall rate CAPPIs where the result is a total rainfall accumulation map that is easily understood by scientists and the public alike, the parameter ΣUVIL cannot be properly interpreted except perhaps in a relative sense. Instead, we can more easily relate to the time during which severe weather may be experienced. We thus need to define a UVIL threshold that is considered to be related to deep convection, (i.e., severe weather), and for each map add 5 minutes, the radar cycle time, to the grid area where this threshold is exceeded. We have selected 15 kg m -2 as a suitable threshold for this purpose. The outcome is illustrated in Fig. 8a which displays the geographical distribution of deep convection within 240 km of the McGill radar in terms of the time in minutes during which severe weather so defined has occurred during the 9-year study period. A (3×3) smoother operating on only the non-zero values has been applied. The accompanying Fig. 8b is the corresponding topographical map derived from the 30 arc-second digital elevation model available at http://edcdaac.usgs.gov/gtopo30/gtopo30.html. This figure also contains geographical locations referred to in the text that are not part of our usual radar map background. We observe that the field in Fig. 8a is not spatially uniform but exhibits preferred regions of deep convection or lack thereof. Even after ignoring a small sector in the north-west beyond about 200 km that may still be affected by some shadowing, there remains a reasonably well-defined north-south corridor across the length of the map where deep convection is less likely to occur. Referring to Fig. 8b , this region consists mainly of the forested lands of the Laurentian hills in the north and the Adirondack Mountains in the south. The nearby minimum, at ranges between about 15 and nearly 40 km, is not due to geometrical factors involving the highest elevation angle but appears to denote a genuine lack of strong convective activity over a north-south corridor passing through the metropolitan area of Montréal. Areas of enhanced convective activity are observed over the St. Lawrence River flatlands, in particular around the Ottawa region to the west and to the north-east, north of the Granby-Sherbrooke line towards Shawinigan. Enhanced activity is also evident around the Gatineau Valley north of Ottawa and at ranges beyond Lake Champlain in the south-south-east that are also closely associated with the Champlain and Connecticut river valleys. The latter may be related to the warmer environment of more southern latitudes. The convection over Ontario may be considered an extension of the more continental climate of southeastern Ontario that extends along a corridor from Detroit-Windsor to near Montréal, (Newark, 1984; King, 1997) . This tongue of severe weather is also responsible for the increased frequency of mesocyclones seen mostly west of Montréal in Fig. 7 . We cannot deny, however, that the various maxima are the result of a few embedded events of significance within a limited time sample.
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The apparent correlation between the frequency of severe weather and topography has been quantified by simply crosscorrelating the data in the 2-D fields represented by Figs 8a and 8.b. This resulted in a non-negligible cross-correlation coefficient of -0.19. The occurrence of deep convection so defined decreases from an average of nearly 13 minutes for pixels at altitudes below 100 m above sea level (ASL) to less than 8 minutes for those above 400 m ASL. The minimum over the mountainous regions may be due to the tree canopy preventing the higher maximum surface temperatures achievable over the darker cultivated areas of the St. Lawrence flatlands, thus inhibiting deep convection.
A detailed examination of all the UVIL maps has confirmed the tendency of deep convection that is developing or intensifying in the western sector of the radar coverage to dissipate as it approaches the St. Lawrence Valley near Montréal or the mountainous regions north and south of it. Redevelopment or new development was then often triggered along a north-south line about 40 km west of the radar, roughly coinciding with the orientation of the Lake Champlain and Richelieu River valleys north of it. The exact explanation of this result is yet uncertain but will be the object of future investigations.
The activity that appears to be aligned along a northwest-south-east direction at ranges beyond 120 km between Montréal and Québec City is related to the frequent occurrence of a stationary front that in the summer separates the colder air mass of the lower St. Lawrence River near Québec City from the warmer and more humid air mass that intrudes just past Montréal. Along this front, severe thunderstorms are seen to form as was the case for several days in early June 1999.
In Fig. 9 we provide the year-by-year distributions that together contribute to the overall result shown in Fig. 8a . A lower threshold of 10 kg m -2 has been used in order to increase the number and size of the observed features. While recognizing that the categorization of a year as relatively severe or non-severe is dependent on the chosen parameter and threshold, and ignoring 1993 because of its incompleteness, the years of 1995, 1996 and 2000 were relatively benign while 1994, 1998 and 1999 were quite active with 1997 and 2001 being of an intermediate category. The lack of extensive convection in 1996 may seem surprising since, as seen earlier in Fig. 2 , it ranked among the top three in terms of mesocyclonic activity. However, we must consider that the mesocyclone statistics are for ranges of 60 or 80 km at most, while UVIL maps extend up to 240 km. The year 2000, instead, is definitely quiet on both accounts. Convective activity is seen to be concentrated mainly in the northern half of our radar coverage in 1994, in the southern half in 1998, mainly in the west in 1997, while the storms that developed along the stationary front between Montréal and Québec City in 1999 are well depicted. The maximum region of activity observed in Fig. 8a north-east of the radar near Shawinigan is probably the result of a similar phenomenon that reoccurred in that general area during five different years (1993, 1994, 1998, 1999 and 2001) . We could surmise that it may also be linked to storm development on the lee side of hills. This explanation may also be applicable to the higher incidence of deep convection east of the Adirondacks along the Champlain Valley.
It is also useful to compare the relative convective nature of the years analysed in terms of a continuous set of UVIL thresholds. We must define an area that needs to be exceeded by the thresholds so that a radar cycle time of 5 minutes can be attributed to them. We have chosen 10 grid areas, that is, 40 km 2 , but not necessarily contiguous, as sufficient coverage for any UVIL threshold above 15 kg m -2 that would classify a UVIL map as representing 'deep convection'. The result is portrayed in Fig. 10 . For example, the time during which the total area inside the 30 kg m -2 contour exceeded 40 km 2 was 5.5, 3.1, 0.0, 5.0, 7.1, 6.1, 0.7 and 4.7 hours for the years 1994 to 2001 respectively. The intersections of curves imply that the relative severity among the various years is dependent on the magnitude of the threshold. This log-linear plot tends to emphasize the order of the various years in terms of the very rare occurrences (less than one or two hours) at the upper end of the UVIL scale. Nonetheless, as seen in Fig. 10 , the years 1994, 1998 and 1999 remain the most severe as they are in Fig. 9 , the latter taking top spot in the 35-50 kg m -2 interval. Likewise, as may be deduced from their geographical distrib-
(e) (f) Fig. 9 Geographical distribution of convection precipitation for each of the 9 years analysed in terms of the number of minutes that a value of 10 kg m -2 has been exceeded on the UVIL map. Range rings are 40 km apart. ution in Fig. 9 , the years 1996 and 2000 also follow a pattern of being the most inactive at all levels of severity, while 1995 may be considered moderately active for thresholds >35 kg m -2 . An opposite trend is seen for 2001. We finally combine the entire 9-year sample in order to illustrate, in Fig.11 , the hourly distribution of convection as was done earlier for mesocyclones in Fig. 6a . The intensity of the convection is quantified in terms of the three UVIL thresholds combined with the same 40 km 2 area threshold. Thus, if on a UVIL map at least 10 grid areas exceed say 20 kg m -2 , then 5 minutes is added to the 'hour slot' that includes the time of such a map. The resulting curves display a peak during the 15:00 to 16:00 EST interval as was the case with mesocyclones. This peak tends to broaden as the intensity threshold is increased. No severe convection is observed between 05:00 and 10:00 EST but a few exceptional events caused the secondary peak around 02:00 EST.
Conclusions
Thanks to a 'summary' archive that permits the quick selection of convective periods and to the existing McGill RAPID software that allows a complete analysis of radar data in post facto mode, we were able to process nine summers (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) of Doppler and reflectivitiy radar data efficiently and effectively. Approximately 2500 hours of McGill radar data have been analysed, out of which about 1500 hours had some degree of significant convection according to the upper level VIL (UVIL) parameter used for its identification. A mesocyclone detection and tracking algorithm also played a crucial role in determining the characteristics and the relative occurrence of small-scale circulations. The years 1994 and 1998 were especially active in this respect, in particular 4 August 1994 and 29 June 1998, when mesocyclones were tracked for periods of the order of 1 and 2 hours over distances of the order of 100 km (Tables 1 and 2 ). Hourly and monthly distributions of meso-
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(g) (h) (i) Fig. 9 Continued cyclone detection in Fig. 6 reveal their higher probability of occurrence during the 3-hour period between 2:00 and 5:00 PM local time and from mid-June to early August. Their geographical distribution portrayed in Fig. 7 is the first of its kind produced for a region in Canada. It reveals an increased relative probability over the western coverage of the McGill radar as well as to the north near Mirabel, and a reduced probability near the metropolitan area of Montréal. This analysis also shows a marked loss in detectability for ranges beyond 80 km, suggesting an improvement of the algorithm by means of range dependent thresholds. The analysis of deep convection in terms of reflectivity only data has been performed with the UVIL parameter because, by integrating only the data above an altitude of 5 km, it is the least affected by ground echoes, beam blocking and bright band effects. The measurements originally performed have been corrected for a bias caused by an oxygen attenuation overcorrection and by the unwanted sampling of data below 5 km by the widening beamwidth at farther ranges (see Appendix). The geographical distribution of corrected UVIL measurements has been obtained for the entire 9-year period, Fig. 8a , and for the individual years, Fig. 9 . Regions of preferred convection have been identified, mainly west of the radar and beyond a north-south line starting from about 40 km east of the radar. A relative minimum is consequently noticeable along a broad corridor running north and south of 114 / Aldo Bellon and Isztar Zawadzki Fig. 10 Yearly distributions of intense convection given in terms of hours for which various intensity and area thresholds have been exceeded on UVIL maps. the radar. A non-negligible negative correlation between deep convection and topography has also been noticed. The exact explanation of this is yet uncertain, but it appears that strong convection is suppressed over the heavily forested areas of the Laurentian hills to the north and the Adirondack Mountains in the south. This modulation of convective activity at such small scales encourages us to reconsider what is exactly meant by terms such as "regional climate".
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Appendix
In this appendix we describe the two effects that caused an increase in UVIL values with range, namely, the oxygen attenuation overcorrection and the bias due to the vertical profile of reflectivity of low-topped thunderstorms.
a Oxygen Attenuation Overcorrection
The reflectivity at all ranges is automatically corrected by our RAPID software for the attenuation by atmospheric gases (mainly oxygen) amounting to γ s = 0.015 db km -1 , (see Fig. 6 .1 of Battan, 1973) . However, this specific attenuation factor is appropriate for a sea level standard temperature and pressure of 20°C and one atmosphere respectively. The reflectivity measured at ranges beyond 200 km is thus increased by over 3 dBZ even though the ray path traversed a major portion of this distance at temperatures and pressures that are considerably lower. Table 7 .4 in Bean and Dutton (1968) shows that the multiplicative correction factor F to be applied to γ s for some discrete temperatures is F = αP 2 where P is the pressure in atmospheres and α depends on temperature. Plotting F as a function of the height h above sea level that is appropriate for the temperature profile of a standard atmosphere yields
where λ = 0.21. For example, F = 0.27 at h = 6.5 km where the standard temperature is taken as -20°C. A non-negligible range bias is consequently introduced for radar measurements made at higher altitudes because the radar beam path length at non-standard temperatures and pressures is much longer for the farther ranges. For various heights and ranges R appropriate to our antenna scanning strategy, we have integrated the variable specific attenuation γ i derived at every kilometre in the range using Eq. (1), that is, γ i = Fγ s , and compared it with the value γ s R obtained by assuming a constant attenuation γ s along the surface. Table 3 reveals that the overcorrection increases with range and height. The range bias is indicated in the last column by subtracting the overcorrection at 20 km from that at 220 km. The major contributor to UVIL in our region which is characterized by relatively low-topped thunderstorms is reflectivities at heights between 6 and 10 km. A reasonable estimate of this range bias, taking a height of 8 km as being the most representative, is thus of the order of 1.4 db over a range of 200 km, or, 0.007 db km -1 .
b Range Bias Due the Vertical Profile of Reflectivity
Our perception that there is normally a reduced detectability with increasing radar range is primarily based on near-surface rainfall rate maps from either Plan Position Indicators (PPIs) or low altitude CAPPI maps. Indeed, the actual height of a 0.6-degree elevation beam at a range of say 180 km is nearly 4 km, usually a height of rapid reflectivity decrease, except in convective cells. At farther ranges, the beam centre eventually overshoots the echo top and hence no echo is measured as is often the case in stratiform and snowfall situations.
However, when considering the measurement of reflectivity at a given constant height where there is a rapid reflectivity decrease, there is actually a positive bias with increasing range due to the fact that a widening beam is more sensitive to the higher reflectivity at the lower heights than to the lower reflectivity at the upper heights. In order to quantify this effect, we have simulated the way in which an artificial vertical profile of reflectivity (VPR) at close range, as well as actual reflectivity measurements, would be sampled by the radar at various heights and ranges. We selected as the 'true' 3-D field the 'fine resolution' data inside a sector 20 km in range between 20 and 40 km as sampled by the 24 elevation angles of our scanning antenna at a resolution of one kilometre in range by 1 degree in azimuth. (Closer ranges are not considered because the higher heights would not be viewed by the highest elevation angle of the radar which is of the order of 34 degrees. The azimuthal size of the sector is not important when dealing with a homogeneous VPR but has been chosen to be between 120 and 320 degrees in order to minimize the areal extent of ground echoes when simulating actual radar measurements.) The 3-D field is then placed at farther ranges in discrete increments of 20 km or 40 km, the last interval being from 220 to 240 km. It is then sampled with the same elevation angle increments at every kilometre in the range and at every degree in azimuth by the same radar which has a vertical and horizontal beam width of θ = 0.86 degrees. The exponentially decreasing Gaussian weight w v applied to the fine reflectivity data Z i at any far range at a vertical offset of θ' v degrees from the beam centre is given by
where σ is the standard deviation of the Gaussian beam given by σ = θ /2.354, resulting in a weight of 0.25 at half a beam width from centre. The second exponent is to take into account both the transmitting and receiving parts of the process. A similar formulation is applied to derive the horizontal weight w h and the combined weight w i is simply their product w v w h . The weight along the 1-km resolution bin is constant. The simulated reflectivity Z s at any 1-km range segment by 1-degree in azimuth is given by Z s = [Σ w i Z i ]/ Σ w i obtained by applying Eq. (2) to all the fine resolution polar data within ±1.25θ from the beam centre in both the vertical and horizontal directions. We begin with the simple simulation of an artificial storm of sufficiently large areal extent with a VPR of Z peak = 55 dBZ that is constant up to a convective height H c = 5 km, then linearly decreasing with height at a rate m h = 7 dBZ km -1 above H c . CAPPI maps are then generated from the simulated 3-D field in order to investigate the dependence of the simulated reflectivity at constant height with range. Table 4 provides the average reflectivity at the indicated CAPPI heights of the near-, mid-and far-range sectors centred at 30, 130 and 210 km respectively. Due to the finite number of elevation angles, the actual height over any finite range interval oscillates about the desired CAPPI height in such a way that the mean height is slightly different, resulting in some reflectivity differences particularly under the assumption of a strong vertical reflectivity gradient made here. However, the significant increase of the reflectivity with range that emerges is due to the combined effect of beam broadening and the assumed linear decrease with height of the reflectivity in dBZ units. The latter implies a proportionately higher contribution in terms of 'Z' weighting from the reflectivity at a given height offset below the beam centre compared with the one at the same offset above it. The narrower beam at shorter ranges, instead, samples the simulated reflectivity at the intended height more accurately. A positive bias of the order of 2.5, 5 and 7 dBZ is the result for CAPPI heights of 6, 7 and 8 km respectively. There is an actual minor decrease with range at H c = 5 km due to the influence of the lower reflectivities viewed by the wider beam just above that height. The bias resulting from this initial simulation of a horizontally uniform field is essentially only a function of m h , the vertical gradient of reflectivity, and is applicable to heights above any H c . The results obtained by assuming m h = 5 and 10 dBZ km -1 are provided in the last two columns of Table 4 where a proportionality with m h is evident. Since UVIL is proportional to Z 4/7 , a bias of say 5 dBZ would imply a bias of nearly a factor of 2 in UVIL. However, because the UVIL is a vertical integration of a parameter that is most sensitive to higher Z, it is only the stronger reflectivities within about 2 to 3 km above H C that are most influential. The dependence of UVIL on range and m h can thus be properly estimated by actually computing it from the simulated 3-D field. The net effect of beam broadening with range on UVIL computations is equivalent to a gradual lowering of the height H UVIL at which the vertical integration of Z 4/7 begins. Simulations have shown that the resultant bias can be removed by introducing a variable H UVIL that increases with range by an amount equivalent to half a beamwidth. Table 5 summarizes tests performed by assuming the indicated peak reflectivity (column 1) to be constant up to H c = 6 km, then linearly decreasing in dBZ above it at the rate m h (column 2). The overall bias obtained by assuming an oxygen overcorrection amounting to 0.007 db km -1 as deduced from the previous section is in the square brackets. It is seen that the oxygen overcorrection contributes a bias that is nearly identical to that caused by the VPR, particularly for m h = 7 dBZ km -1 . Again, the limited number of elevation angles available to define a profile causes some small-scale (of the order of a few kilometres) variations with range in the UVIL values. Those listed in Table 5 are thus a mean over the indicated range.
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Note that the actual magnitude of the bias in UVIL units is not as large as may have been expected from the bias in the reflectivity measurements at the CAPPI heights shown in Table 4 . The UVIL bias does increase marginally with the slope m h but may be considered as being more dependent on the assumed Z peak . When expressed as a percentage of the farrange magnitude, the bias is of the order of 13, 18 and 23% respectively for the three slopes selected, regardless of Z peak . These percentages are of course a function of H c . As may have been expected, tests have confirmed that the magnitude of the bias does not depend on H c while keeping the same functionality with m h and Z peak . In this artificial test of a very large storm, we could ignore the effect of m h and generalize by saying that the bias due to the VPR is of the order of 2, 3 and 5 kg m -2 for a Z peak of 55, 58 and 61 dBZ respectively. The inclusion of an oxygen overcorrection amounting to 0.007 db km -1 as deduced from the previous section further reduces the dependence on m h and increases the overall bias to about 4, 6 and 9 kg m -2 . The last column of the table shows that when the overall bias is expressed as a percentage of the farrange measurement, it becomes independent of Z peak and only weakly dependent on m h , being confined within a range of 25% to 34% of the uncorrected value. However, when oxygen overcorrection is considered, the bias also becomes a weak function of H c because the strong reflectivities just below H c but above H UVIL = 5 km are influential on UVIL computations. For example, with H c = 7 km, the overall bias increases to 5, 7 and 11 kg m -2 respectively for the same set of Z peak values but, again, when expressed as a percentage, they become independent of Z peak and only marginally dependent on m h with much lower percentages (22% to 28%). The dependence of the overall bias on Z peak (when expressed as an absolute value) and on H c (when expressed as a percentage) forces any correction procedure of the derived UVIL maps to rely on assumptions for typical values of H c (6 km) or of Z peak (58 dBZ). For reflectivity cells of limited size, our perception is that the azimuthal broadening of the beam causes an underestimation when sampled at far ranges. Thus, tests have also been performed with circular cells of the following two sizes:
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Cell 1: Z peak = 58 dBZ within an inner radius R 1 = 2 km, then linearly decreasing radially to 40 dBZ at an outer radius R 2 = 4 km, with no echo beyond R 2 . Cell 2: As in cell 1 but with R 1 = 1.0 and R 2 = 2.0 km.
H c = 6 km and m h = 7 dBZ km -1 for both cells.
Since the UVIL maps resulting from the near-and farrange simulations are remapped onto a 2-km resolution Cartesian grid, quantization effects are evident but as summarized in Table 6 a similar trend with range is observed. For the near and far range, this table gives the number of Cartesian grid areas exceeding 10 kg m -2 , the peak UVIL value as well as the sum of all UVIL grid area values (ΣUVIL) comprising the cell. The results obtained by including the effect of the oxygen overcorrection are given inside the square brackets. For the cell sizes tested, it appears that the positive bias introduced by the VPR more than compensates for any negative bias due to horizontal smoothing. If we consider the peak UVIL value, the results for cell #1 are similar to those of Table 5 for an infinite storm. One additional effect, not evident with a horizontally large field of the previous tests, is that not only are the peak and ΣUVIL increasing with range but so is the area exceeding a given UVIL threshold. This is important since most of our analysis will be presented in terms of an amount of time during which a UVIL value exceeded a certain threshold, typically 10 or 15 kg m -2 . Inclusion of the oxygen overcorrection, which adds about 18%, further accentuates this effect. Varying H c and Z peak gives results that follow the trends already discussed in connection with Table 5 .
Finally we illustrate, in Fig. 12 , the combined effects of the VPR and the oxygen overcorrection by computing UVIL from data of an actual storm that passed within our near-range simulation sector. The 3-D data recorded inside this sector is displaced radially outwards in successive steps of 40 km in order to simulate the sampling by the wider beamwidth of the radar. The UVIL is computed from the resultant volume scan at a grid resolution of 2 km and a 3×3, or 9-point, smoother is then applied for display purposes. As was the case with the artificial storm, there is both an increase in the magnitude of the UVIL values and in the area above a given threshold. For example, even after applying the 9-point smoother, the peak value increases from 36.6 to 41.9 kg m -2 at the last range interval. Since our analysis of Section 4b is based on the number of minutes that a given UVIL threshold is exceeded, the fact that the area above such a typical threshold of 10 kg m -2 more than doubled from 24 to 51 grid areas is perhaps more important.
We have corrected the UVIL maps by assuming the following values for the relevant parameters: Z peak = 58 dBZ, H c = 6 km and m h = 7 dBZ km -1 . This combination yields a bias of about 6 kg m -2 in UVIL between the near and far ranges (Table 5) , equivalent to a rate of 0.03 (kg m -2 )/km. The choice of a typical Z peak is most influential. The higher UVIL values (> 25 or 30 kg m -2 ) associated with higher Z peak will admittedly be under-corrected, but this remaining bias will not significantly affect statistics based on much lower UVIL thresholds of 10 and 15 kg m -2 . Alternatively, we have already stated that the overall bias in Table 5 may also be TABLE 5 . UVIL values (kg m -2 ) computed at far and near ranges assuming H c = 6 km for the indicated combinations of Z peak and of m h . The bias is the difference between the far-and near-range values. The total bias obtained by including the oxygen overcorrection is in brackets. In the last column, this total bias is expressed as a percentage of the UVIL magnitude at the far range. expressed as a function of the erroneous UVIL values (within 25% to 35% for H c = 6 km), making it independent of Z peak . We may thus select a correction method that reduces the biased UVIL values by 30% over the 200-km distance between the near and far ranges, that is, at a rate of 0.15% per km. Taking 30 km as the range beyond which a correction is needed, the amount ∆UVIL to be subtracted by the two suggested correction methods may be expressed as follows:
1) ∆UVIL = 0.03 (Range-30) 2) ∆UVIL = 0.0015 (Range-30) UVIL Both methods are equivalent when the uncorrected UVIL = 20 kg m -2 . Differences remain small (<1.5 kg m -2 ) at all ranges for UVIL values within 5 kg m -2 from this threshold with method 2 yielding a larger (smaller) correction for UVIL values above (below) this interval. We have performed the analysis described in Section 4b using both correction methods and have not observed any significant differences that would affect the description of the results. Given the need to choose one correction method, we have selected method 2 since it depends on both range and the uncorrected UVIL value. A plot (not shown) has revealed that the average number of minutes with corrected UVIL >10 kg m -2 is nearly independent of range using method 2 but has a noticeable decrease with range using method 1. As implied above, both are nearly identical and exhibit a very small decrease with range when a threshold of 15 kg m -2 is used. In contrast, the uncorrected values nearly doubled between 40 and 230 km.
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Fig. 12 Simulation of the combined effects of the VPR on far-range sampling and of the oxygen overcorrection on the UVIL values computed from data for an actual storm.
